This paper presents the synthesis of two aminosilane-based external donors for the Ziegler-Natta catalysis: di(piperidyl) dimethoxysilane (DPPDMS) and dipyrrolyldimethoxysilane (DPRDMS). We compared the electron donation by these two compounds in the MgCl 2supported Ziegler-Natta catalysis of the polymerization of hexene-1 into a polyhexene-1 (PHe) elastomer with that of the common donor cyclohexylmethyldimethoxysilane (CHMMS). The catalytic activity of the system and isotacticity of the polymer (PHe) product improved significantly because of the considerable steric hindrance and strong electronic effects of these aminosilane-based external donors. The effects of different external donors on the catalytic efficiency, polymer isotacticity, molecular weight and molecular weight distribution of the PHe products were investigated. Under the best reaction conditions, the catalyst activity, polymer molecular weight, and glasstransition temperature were determined as 899 g/g Cat·h -1 , MW = 252,300 g/mol, and -41.39°C, respectively. The PHe was characterized by FTIR and NMR. This report also describes blending of PHe and low density polyethylene that leads to a significant increase in the impact strength and elongation at breaks. Abstract: Let F denote a eld and let V denote a vector space over F with nite positive d a pair A, A * of diagonalizable F-linear maps on V, each of which acts on an eigenbasis fo irreducible tridiagonal fashion. Such a pair is called a Leonard pair. We consider the self there exists an automorphism of the endomorphism algebra of V that swaps A and A * . Suc is unique, and called the duality A ↔ A * . In the present paper we give a comprehensiv duality. In particular, we display an invertible F-linear map T on V such that the map X → A ↔ A * . We express T as a polynomial in A and A * . We describe how T acts on ags, and 24 bases for V.
Introduction
Let F denote a eld and let V denote a vector space over F with nite positive dimens pair A, A * of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for irreducible tridiagonal fashion. Such a pair is called a Leonard pair (see [13, De nition 1.1 A, A * is said to be self-dual whenever there exists an automorphism of the endomorphis swaps A and A * . In this case such an automorphism is unique, and called the duality A
The literature contains many examples of self-dual Leonard pairs. For instance (i) the ated with an irreducible module for the Terwilliger algebra of the hypercube (see [4, Coroll Leonard pair of Krawtchouk type (see [10, De nition 6.1]); (iii) the Leonard pair associated module for the Terwilliger algebra of a distance-regular graph that has a spin model in th bra (see [1, Theorem] , [3, Theorems 4.1, 5.5]); (iv) an appropriately normalized totally bip (see [11, Lemma 14.8] ); (v) the Leonard pair consisting of any two of a modular Leonard t De nition 1.4]); (vi) the Leonard pair consisting of a pair of opposite generators for the bra, acting on an evaluation module (see [5, Proposition 9.2] ). The example (i) is a special examples (iii), (iv) are special cases of (v).
Let A, A * denote a Leonard pair on V. We can determine whether A, A * is self-dual in By [13, Lemma 1.3] each eigenspace of A, A * has dimension one. Let {θ i } d i= denote an or values of A. For ≤ i ≤ d let v i denote a θ i -eigenvector for A. The ordering {θ i } d i= is whenever A * acts on the basis {v i } d i= in an irreducible tridiagonal fashion. If the ordering then the ordering {θ d−i } d i= is also standard, and no further ordering is standard. Similar A * . Let {θ i } d i= denote a standard ordering of the eigenvalues of A. Then A, A * is self-dual is a standard ordering of the eigenvalues of A * (see [7, Proposition 8.7] ).
Polyhexene-1 (PHe) is a novel elastomeric material synthesized through the homopolymerization of hexene-1. Among the various α-olefin isotactic polymers, the homopolymers of butene-1 and its posterior olefin types are all crystalline thermoplastics. The homopolymers of octene-1 and its anterior olefin types are also crystalline; only PHe is an entirely amorphous elastomer (1) . PHe, a polyolefin elastomer with properties intermediate between those of rubber and plastic, can be used as a modifier for these materials (2) . Due to the low processing temperature, PHe can be easily mixed with rubbers not clear how processing temprature and polarity are related, especially EPR, EPDM, and PS (3). PHe is frequently applied to plastic products (4), and the modification of PE and PP by PHe can significantly improve elongation at breaks.
In 1963, polyolefin rubber was invented by Goodyear (5) and used in the medical polymer field. The patents US3933769 (6) and US3991262 (7) describe the use of Ziegler-Natta catalysts in the synthesis of the Hexsyn polyolefin rubbers made from 97% hexene-1 and a small amount of 5-methyl-1, 4-hexadiene. Lord Corporation also synthesizes this polymer for use in artificial lumbar intervertebral discs and the sidewall material of highgrade tires (8) . Hexsyn rubber is the optimal substitute material for artificial heart valve prosthesis (9) .
Most hexene-1 polymerizations catalyzed by Ziegler-Natta catalysts show only slight differences in forms or treatment methods (10) (11) (12) . In 2016, Nouri-Ahangarani et al., reported the polymerization of hexene-1 catalyzed by the FeCl 3 -doped TiCl 4 /diethoxymagnesium catalyst system (13) . That study showed that the FeCl 3 -doped catalyst system could improve both the catalytic activity in the polymerization reaction and the isotacticity of the polymerization products, although the products remained amorphous. In 2018, Nazari et al. improved the impact strength of polystyrene (PS) and elongation at breaks in its synthesis were improved by modifying it with PHe (14) .
The current study considers the elastomeric properties of PHe and proposes a novel Ziegler-Natta catalytic system for its synthesis by the homopolymerization of hexene-1. This work also involved a comprehensive investigation of polymerization conditions and the development of a series of characterization tests for polymers.
Materials and methods

Reagents and instruments
The Z-N118 catalyst (Ti content: 2.6%) was purchased from Basell. The n-hexane (Tianjin No.3 Chemical Reagent Factory), cyclohexane (Tianjin Kemiou Chemical Reagent Co., Ltd.), n-heptane (Tianjin Kemiou Chemical Reagent Co., Ltd.), and hexene-1 (J&K Scientific Co., Ltd) were all analytical grade and pretreated with 5A molecular sieves before use. Triethylaluminium (1.0 mol⋅L -1 in hexane solution) was purchased from Albemarle. Nitrogen (99.99% purity) was from Daqing Xuelong Gas Co., Ltd. Analytical-grade cyclohexyl methyl dimethoxy silane (CHMMS) was purchased from J&K Scientific Co., Ltd.
Experiment apparatuses included a two-necked Schlenk flask (Synthwave); a 500 mL three-necked flask (Tianjin Shengbo Glass Instrument Factory); a DF-101S thermostatic oil bath in which the sample can be magnetically stirred (Tianjin Yuhua Instrument Co., Ltd.); Bruker-Tonsor27 FT-IR spectrometer (Bruker, Germany); a GPC220CV high-temperature gel permeation chromatography apparatus from WATERS, USA; and a Bruker DRX-400 nuclear magnetic resonance ( 1 H and 13 C-NMR) spectrometer from Bruker, USA.
Experimental procedures
Synthesis of external donors
All reactions were carried out under argon using Schlenk standard technology. The synthesis of the external donors is shown in the following schematic diagram (15) (Scheme 1).
(1) Preparation of DPPDMS
The reaction needs to add 80 mL of n-heptane to a 500 mL five-necked flask followed by 23 mL of 0.2 mol/L piperidine. After the drop-wise addition of 133 mL 1.66 mol/L n-butyllithium in n-heptane, it needs slowly cooling the mixture with water at 25°C (room temperature) for 1 h. After further drop-wise addition of tetramethoxysilane (15 mL of a 0.1 mol/L (0.1 M), the mixture was again cooled with water. Upon completion of the additions, the resultant mixture was cooled at 25°C (room temperature) for 6 h and then incubated for a further 12 h. The supernatant liquid was transferred under argon into a 250 mL three-necked flask, and the precipitate washed three times with 30 mL portions of n-heptane. A colorless transparent liquid (DPPDMS) was obtained (yield: 53.1%) after the solvent and unreacted reagents were removed by reduced pressure distillation (-0.1 MPa). 1 in Section 2.2.1 except that nafoxidine was used in place of piperidine. After reduced pressure distillation, the product DPRDMS, a colorless transparent liquid was obtained in 40.1% yield. 1 H NMR (400 MHz, CDCl 3 ); δ 1.7(m, 2H), 3.1(m, 2H), 3.5(s, 3H) ( Figure 2 ).
Polymerization of hexene-1
This reaction requires adding of 62 mL hexene-1 (0.5 mol), 50 mL hexane, external donors (ED), and triethylaluminium to a round-bottom flask equipped with a magnetic stirrer.
The reaction was carried out under a nitrogen atmosphere with the contents of both water and oxygen less than 0.1 ppm. After 10 min stirring on an oil bath at 20 to 50°C, we added the test catalyst to the flask. Following 2 h reaction, the mixture was terminated using 10% hydrochloric acid, filtered, dried and weighed.
Test and characterization 2.3.1 Calculation of catalytic activity
The catalytic activity (A) was:
where M was the mass of the product, and m was the mass of the catalyst in grams.
Molecular weight determination and distribution
The molecular weight of a sample was determined by gel permeation chromatography. Samples were dissolved in 1,2,4-trichlorobenzene at elevated temperatures. Gel permeation chromatography was carried out at 150°C at a flow rate of 1.00 mL/min on a PL GPC-220 chromatograph equipped with a differential refractive index detector.
The test method of FT-IR
FT-IR was carried out on PERKIN-ELMER Model 1700 FT-IR from Perkin-elmer, USA. 13 C-NMR was carried out on a Bruker-400 MHz nuclear magnetic resonance apparatus, and o-dichlorobenzene was used as a solvent. 1 H-NMR was carried out on a Bruker-400 MHz nuclear magnetic resonance apparatus in which tetramethylsilane (TMS) was used as an internal standard and chloroform was used as a solvent.
The test method of 1 H-NMR and 13 C-NMR
Mechanical performance
The shore hardness is tested by the national standard GB/ T531-92.
Tensile strength, yield strength and elongation at break were tested according to GB/T1042-92 using highspeed rail AI-7000S tensile testing machine.
Results and discussion
Fourier transform infrared (FTIR) spectra of PHe
PHe sample was characterized by FTIR spectroscopy. Figure 3 shows a C-H stretching vibration band over the range of 2855~2955 cm -1 ; there were two other stretching bands at 1377 and 1456 cm -1 , respectively. These bands may be a C-H in-plane bending of the methyl group. The weak band at 725 cm -1 may result from the butyl side chain. The weakened C-H stretching at 1395 cm -1 and reduced C=C stretching vibration at 1640 cm -1 of vinyl indicate the formation of PHe. 
13 C NMR spectra of PHe and calculation of its isotacticity
The PHe elastomer samples with isotacticities of 71% and 93% were characterized by 13 C NMR, as shown in Figure 4 . The chemical shift values of the six carbons of poly(1-hexene) observed are in good agreement with other reports (16) . The isotactic calculation method is from C3 to C2 (between 36 ppm and 34 ppm), and the ratio of the isotactic part mm divided by mm+mr+rr is the isotacticity of polyhexene-1. The peak heights were uniform. The methyl signal was observed over the range of 13.00~17.00 ppm. The carbon atoms of the CH 2 group in the branch appeared at 22.70~23.18 ppm. The resonance of the carbon atoms at ca. 28 and 40 ppm suggests the presence of the methyl side chain with 1,3 and 1,6 couplings.
Effects of External Donors (EDs) on the polymerization of hexene-1
We characterized the effects of different EDs on the polymerization reaction. The data in Table 1 show that the EDs alter the efficiency of the catalyst, and also change the tacticity of the product. Regarding catalytic efficiency, the silane-based EDs, DPPDMS and DPRDMS, both outperform CHMMS, possibly because of steric hindrance and an electronic effect. CHMMS, commonly used in industry, has only one hexamethylene group, while DPPDMS and DPRDMS contain two piperidyl and two pyrrole groups, respectively. Therefore, the steric hindrance provided by these groups in DPPDMS and DPRDMS would facilitate electron donation and result in higher isotacticity of the product. The conjugation effect due to the introduction of piperidyls and pyrrolyls would also lead to enhanced electron donating ability and higher catalytic activity. Table 1 also shows that in the presence of both EDs, (DPPDMS and DPRDMS), the polymerization reaction gives optimal results. Hence, the ED synthesized by the complex formulation of DPPDMS and DPRDMS (mass ratio = 1:1) was used for all of our polymerizations. Polymerization conditions: cat = 10 mg, hexene-1 = 62 mL, cyclohexane = 50 mL, n(Al)/n(Ti) = 200, T = 30°C, t = 2 h, n(Al)/n(ED) = 20 Table 2 displays the effects of reaction time on the catalytic activity of the system and the isotacticity of hexene-1 homopolymer. Figure 5 shows that the amount of hexene-1 homopolymer formed increased until it reached a maximum. With longer reaction times, the dispersion of catalyst in hexene-1 became more uniform with stirring, and the active sites of the catalyst were more accessible so that maximum catalytic activity (899 g/g Cat·h -1 ) was obtained. Extended reaction time led to a balanced state between the available active sites of the catalyst and the hexene-1 molecules so that no more active sites were available for catalysis of hexene-1 after 2 h. The polymer isotacticity reached 93.7% in 2 h. After another hour the polymer isotacticity reached its peak value (94.2%), while the catalytic activity decreased slightly. Therefore, the best reaction time is 2 h. Table 3 shows the effects of reaction temperature on the catalytic activity of the system and the isotacticity of hexene-1 homopolymer at a 2 h reaction time. Figure 6 shows that the reaction rate increased and then decreased with the increasing reaction temperatures, with optimal product formation at 30°C yielding 899 g/g Cat·h -1 . The increased reaction temperature leads to the formation of more catalyst active sites, and the rapid formation of active sites within a short time leads to higher catalytic activity. In this reaction system, the reaction capacity of alkylaluminium is also increased at elevated temperatures, which raises the number of active sites. This effect also explains the increase in catalytic activity. Further temperature increases lead to further dissolution of PHe in cyclohexane, which leads to a decreased hexene-1 concentration in these active sites and thus to lower catalytic activity. For these reasons, there is an optimum reaction temperature at 30°C. Table 4 shows the effect of catalyst dosage on the rate of the reaction and isotacticity of hexene-1 homopolymer at 30°C at a reaction time of 2 h. Figure 7 shows that an increase in catalyst dosage increases the catalytic activity until it reaches a maximum at 10 mg. At low catalyst concentrations, the increase in catalyst dosage enables more hexene-1 molecules to contact the active sites so the catalytic activity increases. However, after the catalyst dosage exceeds 10 mg, the catalytic activity reaches a plateau. Although more catalysts contributed to more active sites availability, a saturation state is reached for the hexene-1 monomer concentration, so chain growth is not improved any further. We observed the best results using 10 mg catalyst in the reaction mix. Table 5 shows the effects of solvent type and dosage on the catalytic activity in the reaction, and on the isotacticity, molecular weight and molecular weight distribution of the hexene-1 homopolymer product at 30°C after a reaction time of 2 h. All properties are improved after solvent addition. The catalyst was premixed in solution, which contributed to more uniform catalyst distribution and sufficient contact between active sites and hexene-1 molecules. (The catalyst is a solid substance and is mixed with a solvent to form a mixture.) The catalytic activity, polymer isotacticity, molecular weight and molecular weight distribution were generally improved with magnetic stirring. We studied three solvents commonly used in industry: n-hexane, cyclohexane, and n-heptane. These data show that the optimum catalytic activity and isotacticity occur in n-heptane. However, we found poor molecular weight distribution for the polymer when using n-heptane as the solvent. This distribution was detrimental to subsequent polymer processing. The best solvent is cyclohexane. Table 6 displays the effects of alkylaluminium dosage on the formation and isotacticity of hexene-1 homopolymer product at 30°C after a reaction time of 2 h (10 mg catalyst; 0.5 mol hexene-1 (62 mL); 50 mL hexane; n(Al)/n(CHMMS) = 20). Figure 7 shows that as the mole ratio of co-catalyst to the main catalyst, AlEt 3 , increases, the catalytic activity first increases and then decreases. The AlEt 3 at the beginning of the reaction reacted with impurities. Thus, some titanium (Ti) failed to be activated, and the reaction resulted in lower average polymerization activity. Increases in AlEt 3 dosage lead to more Ti activation and contribute to higher polymerization activity. However, when the ratio of n(Al)/n(Ti) exceeds 200, further increase in AlEt 3 dosage leads to decreased polymerization activity. This effect can be explained as follows (17) (18) (19) :
Effects of reaction time on the hexene-1 polymerization reaction
Effects of reaction temperature on hexene-1 polymerization
Effects of catalyst dosage on the hexene-1 polymerization reaction
Effects of solvent type and dosage on hexene-1 polymerization
Effects of alkylaluminium dosage on the polymerization of hexene-1
(1) The alkylaluminium competes with the monomer for the adsorption onto active sites. (2) A certain amount of catalyst active sites are present in this system. Further increases in the catalyst dosage do not lead to more active sites. Thus, the catalyst 4+ to Ti 2+ which leads to the loss of polymerization activity. As the mole ratio of n(Al)/n(Ti) increases, the polymer isotacticity shows an overall decrease, perhaps because the increase in alkylaluminium dosage increases the probability of transfer to alkylaluminium, and decreases the polymer isotacticity. The best value for catalytic activity is observed at n(Al)/n(Ti) of 200 ( Figure 8 ).
Application of PHe produced
The linear low density polyethylene (LLDPE) 7042 was blended with the PHe produced (PE/PHe = 0.05, 0.1, 0.15 and 0.2) synthesized in this study. The molecular weight of LLDPE7042 was 10.7857 and the molecular weight distribution was 3.75. The mechanical properties of the blends were investigated by the extrusion and pelletizing test using a twin screw extruder, and the results are shown in the following table. Table 7 shows that the elongation at break and the impact strength of the polyethylene added with PHe are improved, and gradually increase with the increase of the PHe content. This is mainly due to the existence of four carbon chains on the side chain of PHe, which makes the polymer chains slide between each other and therefore results in elastic properties. However, the tensile strength and yield strength all decrease, since the lack of double bonds in the PHe structure makes it unable to form crosslinks.
Conclusion
(1) This work describes the synthesis of two new efficient types of external donors (aminosilanes) for titaniumcatalyzed hexane-1 polymerization. The catalytic activity of the system and isotacticity of the polymer (PHe) product improved significantly because of the considerable steric hindrance and strong electronic effects of these aminosilane-based external donors. (2) We analyzed the structures of the polymerization products by FTIR and NMR and calculated the PHe isotacticity using NMR. (3) The polymerization of hexene-1 was carried out at atmospheric pressure; the monomer concentration, n(Al)/n(Ti) ratio, reaction time, reaction temperature, and other parameters were selected. The catalyst activity, polymer molecular weight, and glass-transition temperature were determined as 899 g/g Cat·h -1 , M W = 252,300 g/mol, and -41.39°C, respectively. Polymerization condition: cat = 10 mg, hexane = 62 mL, coclohexane = 50 mL , t = 2 h, n(Al)/n(ED) = 20, T = 30°C (4) The blending modification of low density polyethylene with PHe was studied in this work. The results show that the impact strength and elongation at polyethylene breaks improved substantially upon addition of PHe, which demonstrates the usefulness of PHe in industrial applications.
